Abstract-In this paper, we present a cost effective method to generate a high-quality quadruple frequency optical millimeterwave (MMW) signal using an integrated dual-parallel Mach-Zehnder modulator (IDP-MZM). Not only does the method minimize the complication of the central station (CS) and its frequency demand for the devices, but the generated optical MMW signal as well has good transmission performance. By properly adjusting the direct current (DC) bias, modulation index, and using two radio frequency (RF) driving signals with 135 • phase delay, a high quality dual tone optical MMW at 60 GHz is generated from a 15 GHz RF local oscillator (LO) with optical sideband suppression ratio (OSSR) as high as 32 dB and radio frequency spurious suppression ratio (RFSSR) exceeding 33 dB without optical filter when an IDP-MZM with 30 dB extinction ratio is utilized. Furthermore, the influences of a number of non-ideal parameters, such as imperfect extinction ratio, non-ideal RF driven voltage, and phase difference of RF-driven signals applied to two subMZMs of the IDP-MZM, on OSSR are studied through simulation. Finally, we build a Radio over Fiber system through simulation, and the transmission performance of the generated optical MMW signal is
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INTRODUCTION
Due to the rapid growth of broad-band internet services and business, MMW wireless access in the 60 GHz band becomes what the endusers need. However, Many difficulties in the 60 GHz wireless systems need to be solved, the most important is that the higher air-link loss. Another difficulty is that the 60 GHz band circuits are expensive and difficult to design and implement [1] [2] [3] [4] [5] [6] . Radio over Fiber (RoF) technique, the integration of wireless and optical system, has long been proposed as an ideal technology for solving these difficulties since it can provide many advantages such as low propagation loss, low cost, large bandwidth and high transmission performance [7, 8] . In a RoF system, the cost-effective and high quality generation of high frequency MMW signals with simple implementation and low cost is a key technique that needs further development, especially for the frequency beyond 40 GHz [9] [10] [11] [12] . The optical method is preferable over the conventional electrical method [13, 14] . Various techniques have been developed, such as the stimulated Brillouin scattering (SBS) in optical fiber [15] , the use of four-wave mixing in a highly nonlinear fiber (HNLF) [16] , and the optical frequency up-conversion using an external modulator, such as LiNbO 3 MZM [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Compared with these techniques, the optical frequency up-conversion technique could easily generate a stable MMW signal, because of good coherence of two or three generated optical sidebands.
Several different works have been recently reported to generate a pure optical MMW carrier by quadrupling the electrical RF LO carrier. Based on a 1 × 4 Multimode interference (MMI) coupler with four optical phase-modulator arms, Liu et al. demonstrated a novel technique to realize frequency quadrupling in the RoF system [28] . But the relative optical phase introduced by the MMI coupler needs an accurate tuning, which will require a complex control circuit to stabilize its operation. In [29] , Zhao et al. used two cascaded MZMs to generate a quadruple frequency MMW signal. However, the undesired optical sidebands were not well eliminated. Thus, only a lower OSSR of 25 dB can be obtained, which degrades the RFSSR between the desired MMW signal and other undesired RF components. In [24] , we proposed a new approach to generate quadrupling-frequency optical MMW signal with carrier suppression based on two parallel MZMs, where the OSSR value was about 40 dB.
In this paper, we propose a simple method to generate a high quality quadruple frequency optical MMW using an IDP-MZM. Because the DP-MZM is a commercial off-the-shelf device fabricated on a single chip, our scheme enables the transmitter to have a compact structure, convenient alignment, and small insertion loss compared with other conventional transmitters. The modulation index will be adjusted and two RF driving signals with 135 • phase delay will be applied to obtain an optical MMW signal with OSSR as high as 32 dB and RFSSR exceeding 33 dB when an IDP-MZM with extinction ratio (ER) of 30 dB is utilized. The influences of a number of non-ideal parameters on OSSR are studied through simulation. Finally, we build a RoF link through simulation to confirm the transmission performance of the generated optical MMW signal.
PRINCIPLE
The principle of optical MMW generation is shown in Figure 1 . A continuous wave (CW) generated from a distributed feedback (DFB) laser diode is split into two branches, i.e., I and II by a 3-dB optical splitter. In each branch there is a single-electrode MZM, i.e., MZ-a in branch I and MZ-b in branch II. The two MZMs are integrated in the main MZM. The CW can be expressed as:
where E c is the amplitude of the optical field, and w c = 2πf c is the angular frequency of the optical carrier. The RF-driven signal applied to MZ-a and MZ-b are:
where, V RF and w RF are, respectively, the amplitude and the angular frequency of the LO signal, and √ 2 is to regard the 3 dB electrical power splitter prior to the two MZMs. Another 3 dB electrical power splitter is also used prior to the two electrodes of every sub-MZM. Thus, the amplitude of RF-driven signal applied to the electrodes of MZM is If the ER of the IDP-MZM is assumed to be infinite, i.e., ideal condition. The output optical signals from MZ-a can be mathematically expressed as:
By applying the Jaccobi-Anger expansion
on Equation (3), E MZ-a (t) becomes,
where α is the optical power loss within the IDP-MZM (Max. value is 5 dB), m the RF modulation index defined as
is the nth-order Bessel function of the first kind, and V π the half-wave voltage of the two sub-MZMs. In the same way, the output optical signals from MZ-b can be expressed as:
Thus, the optical field at the output of the optical coupler (OC) can be written as:
It is clear from Equation (7) that the odd-order sidebands are all suppressed because of cos(nπ/2). So the 2k th-order sidebands are generated at the output of the modulator, where k is an integer. To achieve quadruple frequency optical MMW with high OSSR, it is necessary that the second-order optical sidebands are maximized and the non-desired optical sidebands are suppressed. According to Equation (7), the zeroth-order and the fourth-order Bessel function becomes zero when the following conditions are met:
Equation (8) is only valid for small-signal condition. It can be seen in Equation (8), that the optical carrier and fourth-order sidebands can be suppressed by adjusting the modulation index and introducing phase difference ∆φ between the RF driven signal of MZ-a and MZ-b. Taking the characteristics of the Bessel function into consideration, the optical sidebands higher than the sixth-order can be neglected due to their extremely small power. Thus, Equation (7) can be approximately written as: In a back-to-back (B-T-B) case, the quadrupling frequency optical MMW signal is detected by using a square-law PD, and its photocurrent can be expressed as:
where µ is the frequency response of the PD, and E(0, t) * represents the complex conjugate of E(0, t). Equation (11) can be written, after manipulation, as: (see Appendix A)
It is clear from Equation (12) that the photocurrent contains the desired MMW signal at 4w RF , which we are interested in, and the harmonic distortion signals with frequency equal to 4nw RF , where n < 2. These MMW signal components are:
By utilizing Equation (13), RFSSR can be written as: The generated optical MMW signals are transmitted over Z-length downlink fiber to the base station (BS), and the two second-order sidebands will have different group velocities due to the fiber chromatic dispersion. The optical MMW signal becomes:
where γ is the fiber loss, and β(w) is the propagation constant of the fiber. By neglecting the sixth-order optical sidebands because of their extremely low power. The photocurrent can be express as follows:
By considering the Taylor's expansion of the propagation constant
where β(w c ) = approximately express as:
Equation (18) clearly shows that the generated MMW at 60 GHz mainly consists of DC component and harmonic component at 4w RF . Moreover, Equation (18) shows that the amplitude of the current for the desired MMW signal at 4w RF is independent of fiber dispersion. Therefore, the desired MMW signal is free from the drawback of the power fading induced by fiber dispersion. This condition applies if the desired MMW signal is generated by beating of the two second-order optical sidebands.
NUMERICAL SIMULATION RESULTS

Investigation the Quality of the Generated Optical MMW Signal Before Transmission over Fiber
In this section, the performance of the generated 60 GHz optical MMW signal is evaluated using "OptiSim Version 9.0" simulation software.
The system is simulated as in Figure 2 shows the optical spectrum, and RF spectrum of the generated optical MMW, for ∆φ = 135 • , when the ER of the IDP-MZM is 100 dB. It can be seen that the generated optical MMW mainly has two tones (positive and negative second-order sidebands) with a frequency spacing of 60 GHz, and the optical carrier and other undesired optical sidebands, except for the sixth-order sideband, are suppressed well. The power of the second-order sideband is −16 dBm and is noticeably higher than the power of the sixth-order sideband, and the OSSR is 42 dB, as shown in Figure 2(a) . The RF spectrum mainly consists of the desired 60 GHz MMW signal and spurious 120 GHz MMW signal. However, the power of 60 GHz MMW signal is higher than that of the 120 GHz MMW signal, and the RFSSR is 34 dB, as shown in Figure 2(b) . Figure 3 shows the optical spectrum, and RF spectrum of the generated optical MMW, for ∆φ = 45 • , when the ER of the IDP-MZM is 100 dB. In this case, the OSSR and RFSSR are 42 dB and 34 dB, respectively, and they are approximately identical to the values in Figure 2 . Figure 2 and Figure 3 show that the simulation results are agree with the theoretical analysis in Section 2, Equations (10) and (14) . Figure 4 shows the optical spectrum, and RF spectrum of the generated optical MMW, for ∆φ = 45 • , when the ER of the IDP-MZM is 30 dB. The power of the second-order sideband is maximum, and the OSSR exceeds 26 dB, as shown in Figure 4 (a). The power of the 60 GHz MMW signal is clearly higher than the power of other spurious RF components, and RFSSR is as high as 33.4 dB, as shown in Figure 4(b) .
The simulation results for ∆φ = 135 • and two sub-MZMs with ER of 30 dB are shown in Figure 5 . Compared with the case of ∆φ = 45 • , the undesired optical sidebands are further suppressed, the OSSR is as much as 32 dB and the RFSSR is 33.5 dB.
Investigation the Effect of Non-ideal Parameters on OSSR for B-T-B Case
The above theoretical derivation and simulation results are based on the assumption that system parameters such as RF driving voltage and phase difference are ideal. Initially, the OSSR can be unlimited, but in real systems, non-ideal factors contribute to a finite value. These conditions will result in the degradation of the generated optical MMW signal. The quality of the MMW generation may be also affected. Therefore, investigating the influence of these non-ideal parameters is important. Except for the ER of the IDP-MZM, RF-driven voltage, and the phase difference between RF-driven signals applied to MZ-a and MZ-b, other parameters are identical to those given in Section 3.1. Figure 6 shows the effect of phase shift deviation on OSSR. The highest OSSR can be obtained for a phase difference near the ideal value. The value then slightly degrades with the increment of deviation value for two cases, i.e., ∆φ = 45 • or ∆φ = 135
• . An OSSR greater than 21 dB can be obtained for ∆φ = 135 • if the deviation is within 10 • , which is a desirable result.
The impact of non-ideal drive voltage of RF-driven signal on OSSR is shown in Figure 7 . The variation of the OSSR versus the deviation of the driven voltage is identical. The OSSR greater than 19 dB can be obtained for ∆φ = 135 • if the deviation is less than 8%. Figure 8 shows the variation of OSSR versus the imperfect ER of the IDP-MZM for ∆φ = 45 • and ∆φ = 135 • . It can be seen that OSSR is better in the case when ∆φ = 135 • . The OSSR reaches its maximum value when the ER is 40 dB, while when ∆φ = 45 • the OSSR reaches its maximum value when the ER is 50 dB and then retains unchangeable.
Investigation the Quality of the Generated Optical MMW Signal Over Fiber
In this section, we build a RoF system through simulation to confirm the transmission performance of the generated optical MMW signal, as shown in Figure 9 . The identical parameters is used for the identical components in Figure 1 . The simulation was carried out at a rate of 2.5 Gbit/s over different distance with the ITU-T G.652 standard single-mode optical fiber (SSMF). All the attenuation (i.e., α = 0.23 dB/km), dispersion (i.e., D = 16.7 ps/nm km), and non linear effect such as self phase modulation was activated and specified in accordance with the typical industry standards to simulate the real environment as close as possible.
After the proposed quadruple frequency MMW generation scheme, two second-order sidebands are generated and maximised, and the frequency spacing between them is 60 GHz, as shown in Figure 9 (i).
The two second-order sidebands are then intensity modulated with a 2.5 Gbit/s baseband signal by another MZM (MZ-c) with an ER of 30 dB, as shown in Figure 9 (ii). Figure 9 (ii) shows that the second-order optical sidebands are broadened by signal modulation and attenuated by the modulator insertion loss. At the base station, a PD detects the quadruple frequency optical MMW, and an electrical 1st-order Gaussian bandpass filter centered at 60 GHz filters out the RF harmonics. To demodulate the 2.5 Gbit/s signal from the generated 60 GHz MMW signal, a 60 GHz RF LO, a mixer, and an electrical lowpass filter with a bandwidth of 2.8 GHz are utilised. The performance of the system was characterized by referring to the bit error rate (BER) and eye pattern. Figure 10 shows the down-converted 2.5 Gbit/s electrical eye patterns of the 60 GHz MMW, for ∆φ = 135 • , after transmission over different distance. It can be seen that the outline of the eye patterns changes slightly and the eye patterns still clear and keeps open even when the optical MMW signals are transmitted over 60 km transmission. The simulated BER performance of the RoF system is presented in Figure 11 . It is indicated from Figure 11 that after 20 km transmission, the power penalty is about 0.75 dB at the BER of 10 −9 . The power penalty is resulting essentially from the walk-off time, due to fiber chromatic dispersion, between the two optical harmonics [30] . and thus, the performance of the generated MMW signal is acceptable.
CONCLUSION AND FUTURE WORK
In this paper, we have presented a cost-effective method to generate a high-quality quadruple frequency optical MMW signal using only one IDP-MZM, and have investigated its transmission performance along a Standard Single-Mode Fiber.
The conclusions can be summarized as follows: -This method can: (1) APPENDIX A.
Derivation of Eq. (12).
In B-T-B case, the quadruple frequency optical MMW signal is detected by a square-law photodiode (PD), and its photocurrent can be written as: (1+cos(2∆φ))cos(4w RF t)+4J 2 J 6 (1+cos(2∆φ))cos(4w RF t) +4J 2 J 6 (1 + cos(2∆φ) + cos(6∆φ)) cos(8w RF t) +2J (A5) This is Eq. (12) .
